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ABSTRACT The quasispec model for RNA viruses pre-
dicts the existence of a replication error threshold beyond
which there is a melting or total loss of sequence information.
Retroviral Go- A hypermutation is probably an example. Here
it is shown that G -+ A transitions may occur in both GpG and
GpA dinucleotide contexts. Transitions in GpG preferentially
occur via base miairing at the ends of runs of G residues,
whereas G -- A transitions within GpA may result from
temporary dislocation of the primer and template strands by a
single base. The two circumstances may be related by the local
dCTP substrate concentration. An in vro elongation may
shows that primer/template dislocation is more frequent for
the human immunodeficlency virus type 1 reverse transcriptase
than for murine or avian retroviral enzymes. Taken together
these data suggest that G -- A hypermutation is an example of
induced mutation whereby the viral reverse transcriptase is
forced into ming errors by imbalances in the intracellular
dCTP concentration.

date the factors predisposing G - A hypermutation remain
uncertain.
A balanced supply of the deoxyribonucleoside triphos-

phates (dNTPs) is essential to high-fidelity replication. The
converse, decreased replication fidelity and asymmetric
dNTP pools, is emphasized by a large body of experimental
data (15-22). Recently it has been shown that perturbation of
dNTP pools can either restrict or enhance HIV-1 replication.
Restriction of HIV replication followed reduction of the
intracellular dCTP pool (23). As this restriction was not
completely overcome by addition of exogenous deoxycyti-
dine, an augmented frequency of defective genomes could
not be ruled out. Here data are provided that G -* A
hypermutation occurs in two dinucleotide contexts that may
be related to fluctuations in the intracellular dCTP pool. It is
shown by in vitro elongation studies that G -* A substitutions
within the GpA dinucleotide occur via strand slippage more
frequently when HIV-1 reverse transcriptase (RT) is used as
opposed to two other retroviral enzymes.

The concept ofthe viral quasispecies (1) was formulated with
a view to describing the extensive genetic variation mani-
fested by RNA viruses. Thus, a viral quasispecies may be
understood as a discrete ensemble of viral genomes defined
in time and space (2, 3). The human immunodeficiency
viruses (HIVs) are no exception (4, 5). As the HIV provirus
integrates into the host cell genome and may remain func-
tionally silent, hence sequestered from immune responses,
HIV variants are accumulated. Thus, there is extraordinary
genetic diversity present, probably greater than for any other
virus studied to date.
One of the features of the quasispecies model is the notion

of a replication error threshold. A melting or total loss of
sequence information is predicted if replication proceeds
beyond this point (1). As the model has more than shown its
utility it seems reasonable to ask what might such a melting
of information correspond to in the real RNA viral world?
Hypermutation ofviral genomes immediately springs to mind
(6-13). In the case of retroviruses, the G -* A hypermutation
is believed to occur during proviral synthesis (6, 7, 9-11) as
opposed to the post-replication phenomenon of A I
hypermutation in measles virus (12, 13). Retroviral G A
hypermutation is erratic (S.W.-H., unpublished data), is
particularly striking for the lentiviruses in contrast to other
retroviruses (6, 7, 10, 11), and shows a distinct preference for
the GpA dinucleotide (6). While not formally proven, it is
believed to occur via repeated -1 dislocations of the nascent
strand (6). However, the preference for the GpA dinucleotide
might reflect a kinetic phenomenon and not strand slippage.
As it cannot be reproduced by any experimental protocol to

MATERIALS AND METHODS
Virus Samples. Those used were the HIV-1 B40 isolate

passaged either on peripheral blood mononuclear cells
(PBMCs) or on the U937-2 and Molt 3 cell lines (6, 24).
PCR, Cloning, and Sequencing. The 850-bp nef-U3/R re-

gion was amplified by PCR using NL1 and NL2 primers as
described (25). PCR products were purified on a 1% low-
melting point agarose gel, phosphorylated by T4 polynucle-
otide kinase, and ligated with Sma I-digested and dephos-
phorylated M13mpl8 replicative form DNA. After transfor-
mation ofEscherichia coliTG1, plaques were screened in situ
by using a mixture of three oligonucleotides, S1, S2, and S3
(25). Twenty M13 recombinants from each of the PBMC,
U937-2, and Molt 3 cultures were sequenced by the standard
dideoxy method with dATP[a-35S] (600 Ci/mmol; 1 Ci = 37
GBq) using M13 universal primer and the three oligonucle-
otides S1, S2, and S3. The samples were resolved on buffer
gradient gels as described (6).

Subcloning, nsDection, and Assay for Soluble Alkline
Phosphatase (SEAP). The enhancer, promoter, and hypermu-
tated TAR regions from clone 121 were amplified using the
NL2 and NL3 primers (25). DNA was cleaved by HindHI and
Sal I and ligated into pUC/SEAP (25). The validity of this
construct, pTAR(G-+A)/SEAP, was confirmed by double-
stranded plasmid sequencing, using M13 reverse sequencing
primer. Triplicate cultures of SW480 cells (human colon
carcinoma cells) were cotransfected by pTAR(G-+A)/SEAP

Abbreviations: HIV, human immunodeficiency virus; PBMC, pe-
ripheral blood mononuclear cell; MoMLV, Moloney murine leuke-
mia virus; AMV, avian myeloblastosis virus; RT, reverse transcrip-
tase; SEAP, soluble alkaline phosphatase.
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and pSV2tat/LAI (4) by the calcium phosphate method.
Sixty hours post-transfection culture supernatants were
cleared by centrifugation (15,000 x g) and heated for 10 min
at 650C to inactivate any endogenous alkaline phosphatase.
SEAP activities were determined using 50 A of supernatant
(26).
In Vitr Elongaton Assay. Experiments were performed

with RTs from HIV-1 (27), Moloney murine leukemia virus
(MoMLV; BRL), and avian myeloblastosis virus (AMV;
Pharmacia). The DNA template was a 60-mer (5'-CTGAG-
GATCCATGTGGAATTCAGTGGGGAATAATCTAAC-
TCTAGAGCACCAAGCTTCTGA) while the primer (18H,
5'-TCAGAAGCTTGGTGCTCT) was 18 bases long. The
primer/template ratio was adjusted to 0.4 nM primer for 10
nM template (ratio 1:25) in labeling buffer (50 mM Tris HCl,
pH 7.6/10 mM MgCl2/5 mM dithiothreitol/0.7 mM ATP).
The hybrid was incubated with each ofthe three different RTs
in optimized reaction buffers (28), in the absence ofdCTP and
an excess of dTTP-i.e., 0 pM dCTP, 250 p;M dTTP, 25 p.M
dATP, and 25 pM dGTP. To favor template/primer disloca-
tion, long elongation times of 1 min and 3 min at 37°C were
used. This was followed by addition of 3 p1 of prewarmed
dNTP chase (250 p.M dTTP, 25 puM dATP, 25 .M dGTP, and
1 mM dCTP) for 10 min at 37C. The final concentration of
primer/template was -0.8 ng/18 A1. As a positive control,
elongation was performed using balanced dNTP concentra-
tions (25 puM each). The reactions were stopped by incuba-
tion at 90°C for 5 min. The elongated products were PCR
amplified for 15 cycles with the 18H and 18BE 5'-
CTGAGGATCCATGTGGAA primers in standard condi-
tions (6). Thermal cycling parameters were 95°C (15 sec),
55°C (15 sec), and 72°C (15 sec) with a final 10-min elongation
step at 72°C. The products were purified on a 1.5% low-
melting point agarose gel and cloned in frame into EcoRI and
Xba I sites of M13mpl8. Wild-type constructs could be
distinguished from M13 phage by their light blue phenotype
when plated with 0.1% 5-bromo-4-chloro-3-indolyl f-D-
galactoside in the top agar. Recombinants harboring + 1 and
+2 frame shifts could be detected using the blue/white
(-galactosidase assay. They were distinguished from the
background by screening with the P+1 (5'-TTAGATTATT-

NL1

nef

TCCCCACTGAA) and P+2 (5'-TTAGATTATTTTC-
CCCACTGAA) probes, specific for the +1 and +2 frame-
shift, respectively. Positive recombinants were confirmed by
sequencing.

RESULTS AND DISCUSSION
Two Dinucleotide Contexts for G -. A Transitions in Hy-

permutants. The nef/long terminal repeat region was ampli-
fied from the samples used in the original study on hyper-
mutated HIV-1 genomes (6). Four clones out of 60 were
found to be hypermutated (Fig. 1). Inspection ofthe sequence
context showed a marked preference for both GpA and GpG,
in contrast to our previous findings, where only a preference
for GpA context was significant. For clone 77 the predomi-
nance ofGpG -- ApG transitions was particularly striking. It
must be emphasized that this region, the promoter/TAR
region, is more G-rich (31% G) than other parts of the HIV
genome (24% G). However, the penchant for transitions
within GpG was obvious even for the env-nef region, where
the base composition was more typical of the HIV genome
(27% G). The density of G -- A transitions varied greatly
between clones and appeared to be most erratic, clone 112
being a good example.
Hypermutation does not occur smoothly (Fig. 2). The same

sequence could be mutated differently. Therefore the GpA
and GpG contexts, while important, must reflect the conse-
quences of a phenomenon and did not per se dictate substi-
tutions. GpG -> ApG transitions were most frequent at the
end ofa run of Gs. This suggests progressive depletion of the
dCTP substrate and replacement by dTTP. Within the same
clones G -- A transitions within GpG could be found juxta-
posed to those in GpA. The finding of a second dinucleotide
preference does not overturn the original hypothesis that
hypermutation followed from changes in the intracellular
microenvironment, notably dCTP depletion (6). Rather it
supports and extends the idea: partial or progressive deple-
tion of dCTP would favor GpG -) ApG transitions, especially
at the end of runs of Gs, while dCTP exhaustion would favor
GpA -- ApA transitions. In the initial report G -- A transi-
tions were also found in GpG dinucleotides (GpA > GpG >
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FIG. 1. Distribution of G -- A transitions within four G -* A hypermutants reveals two dinucleotide contexts. Solid triangles and circles

represent G -+ A transitions within GpA and GpG dinucleotides, respectively. A vertical bar indicates a G -- A transition within GpC or GpT.
The TAR region, essential to efficient transcription, as well as the NL1 and NL2 amplification primers are shown. Clones 78 and 121 carried
deletions. That in 121 occurred during the cloning process as the 5' amplification oligonucleotide was missing. The deletion in clone 78 was typical
of RT-generated deletions (7) and cannot be ascribed to PCR.
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5'GGGCUUGGAAAGGGCU
TCCGAATTTTTTCCGA5'
_ 4s -

77 5'GAUGGGGUGGGAGCA
CTATTTCATCCTCGT5'

or -"
78 CTATTTCATTTTCGT5'

77 5'AAGGGGGGACUGGAA
TTCTTTCTTGACTTT5'

5'CAGGGCCAGGGAUCA 77
GTTCCGGTTTCTAGT5'

5'GGAAUGGAGGACCCGGA 77
TCTTATCTTCTGGGTTT5'
4 44* 4 or

TCTTATCTTCTGGGTCT5'78
4 4 -4

5'AAUGAAGGAGAGAAC 77
TTATTTTTTTTCTTG5'

5'CCAGGGAGGCGUGGCCUGGGCGGGACUGGGGAGUGGC
GGTTCTTTCGCACCGGATCCGCTCTGATTTTTCACCG5'

or *44 4 4* 8
112 GGTqTTTCGCACCGGACCCGT 4 GACTCPCACCG5'

121 GGTCCCTCCGCATCGGACCCGCCCTGACCCCTCACCG5'4

G GG2 1)
U G
C A
COG
G-C

AU

U-G~~ C1onle 121 LAIUS

o CS
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AJC-*G

O- COACUGCUUAAGCCUCAAUAAAGCu't'UUCCU U>GAGUGCUUrJCA

77 5'CAGAUCUGAGCCUGGGAGCUCUCUGGCUAACUAGGGA
GTCTAGACTCGGATCTTCGAGAGACCGATTGATTTCT5'

or *4-S
121 CTTTAGATTCGGATTTTCGAGAGATCGATTGATTTTT5'

14 N -4*4*

FIG. 2. G -. A transitions within runs of G residues. A number
of particularly striking examples are shown with respect to the plus
strand reference sequence on top and hypermutated minus strand
sequence underneath. Arrowheads emphasize the decreasing gradi-
ent of intracellular dCTP as polymerization progressed. The zig-
zagged arrow represents G - A transitions within GpA dinucleotides
by dislocation mutagenesis. The striking differences between differ-
ent hypermutants (clone 77, 78, 112, or 121) are evident. Boldface
type indicates the G residues in the template and mismatched T
residues.

GpT - GpC; ref. 6). As the frequency for GpG was similar
to that expected from a random distribution, the finding could
not be considered significant. The above data show that the
proportion of G -- A transitions in GpA and GpG can vary.
That the two contexts were found interspersed could be taken
to reflect the instability of the intracellular dCTP pool.
Furthermore, the two dinucleotide contexts, as well as their
idiosyncratic distribution, are probably the best evidence
against invoking a mutant RT to explain the hypermutants.
Like Maxwell's demon, it is difficult to conceive of an RT
capable of identifying the last G in a run of Gs.
Hypermutated Promoter/TAR Regions Are Transcription-

ally Silent. The finding of hypermutation on both strands is
the clearest evidence that the phenomenon occurs during
reverse transcription. However the marked asymmetry in the
frequency of hypermutated viral plus and minus strands (6)
might suggest a contribution from the cellularRNA polymer-
ase II. To test this hypothesis the promoter/TAR region from
clone 121 was cloned into the pUC/SEAP expression vector
(25). This construct, pTAR(G--A)SEAP was transfected
with the tat expressing plasmid, pSV2tat/LAI plasmid, into
the SW480 cell line. As can be seen from Fig. 3A, the
pTAR(G--A)SEAP construct was totally devoid ofpromoter
activity. This finding excludes any contribution during the
start of transcription. If hypermutation were to occur once
transcription through the 5' TAR region was completed, then
only hypermutation in the U3 region and not the R region of
the long terminal repeat shoi1d be observed (Fig. 3B). As the
hypermutants harbored transitions in both the U3 and R
regions, this result excludes any contribution to G A
hypermutation coming from aberrant transcription.
G -- A Transitions May Occur via Dislocation Mutagenesis.

G -- A transitions within the GpA dinucleotide were sug-
gested to occur via a mechanism termed dislocation muta-
genesis (6, 29). However, a preference for G:T mismatchs
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FIG. 3. Transcription does not contribute to G -. A hypermuta-
tion. (A) The hypermutated U3/TAR region from clone 121 was
transcriptionally silent when cloned upstream ofan secreted alkine
phosphatase gene. (B) If hypermutation occurred after transcription
was initiated-i.e., after TAR region synthesis-a hypermutated U3
region would bejuxtaposed to a nonmutated R region. This is due to
the rearrangement of the retroviral genome during provirus synthe-
sis. That this is not observed rules out any contribution to G -. A
hypermutation from transcription.

within GpA might be preferred on kinetic grounds. To
distinguish between the two, the following experimental
strategy was developed. A 60-mer and a complementary
18-mer (18H) were synthesized and purified by HPLC (Fig.
4). Elongation from 18H by different RTs was carried out
under highly asymmetric dNTP conditions (zero dCTP and
excess dTTP), after which an excess of dCTP was added to
capture dislocated intermediates. Because ofthe low primer/
template concentrations used in the experiments, the prod-
ucts were then amplified by PCR. After digestion by EcoRI
andXba I, they were cloned in frame into the P-galactosidase
reading frame of M13mpl8 replicative form DNA. Recom-
binants could be identified by a light blue phenotype and were
easily distinguished from wild-type M13. White plaques,
which revealed frameshift mutants and cloning artifacts,
were screened using specific oligonucleotide probes and
sequenced.
As a control the reactions were carried out using balanced

dNTP concentrations. This not only served as a reference
point for each RT but also provided a control for the PCR
amplification. For the AMV enzyme no frameshift mutants
were identified (Table 1). For MoMLV the influence of
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EcoRI XbaI

5'CTGAGGATCCATGTGGAATTCAGTGGGGAATAATCTAACTCTAGAGCACCAAGCTTCTGA 3'

Reverse Transcriptase 18H

HIV-1, AMV or MoMLV

elongation with / \ elongation with
balanced dNTPs unbalanced dNTPs;

(control) then excess dCTP

18BE PCR, restriction by EcoRI
and Xba I, cloned in f3-gal
reading frame of M13

--.el
18H

5'TCAGTGGGGAATAATCTAACT 3' 5'TCAGTGGGGAAATAATCTAACT 3'

+ additional A

FIG. 4. Experimental protocol for trapping dislocated intermediates. The 60-mer incorporated internal EcoRI and Xba I restriction sites.
From the GGGGA motif to the Xba I site the template was devoid of G residues allowing elongation by RT tostart efficiently in the presence
of dTTP, dATP, and dGTP alone. After 1 or 3 min an excess of dCTP was added and elongation was completed. The products were amplified
by PCR (18BE and 18H) to allow molecular cloning via the EcoRI and Xba I sites. Recombinants harboring an extra A residue ( t ), arising as
a result of primer/template dislocation would change the reading frame of the ,-galactosidase (p-gal) gene and terminate translation at the
downstream stop codon. This results in a white phenotype when plated with isopropyl P-D-thiogalactoside and 5-bromo-4chloro-3-indolyl
P-D-gaiactoside. Other recombinants would be reflected by their light blue phenotype.

balanced or unbalanced dNTP concentration had no effect on
the frequency of frameshift mutants. However, with HIV-1
RT, more frameshift mutants were identified when unbal-
anced dNTP pool was used (Table 1). Furthermore, the
frequency increased 2-fold with longer elongation times,
suggesting that dislocation of the primer with respect to the
template was a slow phenomenon. In all cases only + 1
frameshifts were identified.

Clearly, G -- A transitions may occur via dislocation of the

primer with respect to the template in the absence of dCTP.
The degree of saturation of G by A may attain 60-80%6 for
some segments of hypermutated lentiviral genomes (refs. 6
and 9-11; S.W.-H., unpublished data). For spleen necrosis
virus, an avian oncovirus genetically more related to Mo-
MLV than AMV or HIV-1, the proportion of substituted Gs
was around 17% (7). The above finding, a higher frequency
of captured dislocated intermediates when the HIV-1 RT was
used, correlates well with a greater degree of saturation in
lentiviral G -- A hypermutated genomes.

It is clear from the above in vitro data and many other
reports that the frequency of G -- A transitions within GpA

are of the order of 10-3 (15, 17, 28). How then is it possible
to reconcile these observations with the finding of G -+ A

hypermutation in vivo? The in vitro experiments are carried
out with excess template/primer to determine the Km and
Vm,, of each reaction. In vivo the converse is true-i.e., an
excess of enzyme over substrate [two genomes and probably
of the order of 50-80 RT molecules per virion (14)]. Further-

more, RT is not a very processive enzyme and may dissociate
from its primer/template substrate (28). Together these find-
ings probably preclude the identification of G -- A hyper-

mutants in vitro, particularly when short elongation times, of
the order of minutes, are used (15, 17, 28).
Taking together the data support the hypothesis that G

A hypermutation comes about as the result of a change in the
local dCTP concentration. Low dCTP pools would favor
transitions in GpG dinucleotides particularly at the end of
runs ofG. A dearth ofdCTP would arrest elongation. Proviral
synthesis may continue via dislocation of the primer with
respect to the template in the context ofGpA, GpT, and GpC.
Dislocation within GpA would result in a relatively stable 5'
GpA/3'TpT hybrid. Dislocation mutagenesis within GpT or
GpC would lead to 5' GpT/3' ApA and 5' GpC/3' GpG
mismatches. However elongation proceeds relatively unhin-
dered only when dislocation occurs in the context ofGpA as
RT-mediated transitions are invariably more frequent than
transversions (15, 17, 28). This helps explain why so few G
A transitions occur in the context of GpT and GpC.
This model abrogates the need for a mutant RT and reflects

a large body of data associating dNTP pool imbalances,
particularly dCTP reduction, with increased mutation. The
highly erratic distribution of G -* A transitions emphasizes
the extraordinary sensitivity of reverse transcription to the
intracellular dCTP concentration. In this sense the melting of
sequence information predicted by the quasispecies model
can be seen as being induced by the microenvironment within

Table 1. Frequency of primer/template dislocation in GpA during elongation by HIV-1, MoMLV, and AMV RTs
HIV-1 MoMLV AMV

dNTP pool N T Frequency N T Frequency N T Frequency
Balanced 3783 1 2.6 x 10-4 8600 3 3.3 x 10-4 3776 0
Unbalanced

1 min 4801 3 6.2 x 10-4 2864 1 3.4 x 10-4 1363 0
3 min 2730 4 1.4 x 10-3 900 0 1813 0

Unbalanced and balanced dNTP concentrations were 0 ,uM dCTP, 250 AM dTTP, 25 ,uM dATP, and 25 A&M dGTP, and
25 u&M dCTP, 25 ,uM dTTP, 25 uM dATP, and 25 ILM dGTP, respectively. A number (T) of colonies having an additional
base within a population (N) resulted from elongation when carried out using balanced as opposed to unbalanced dNTPs.
Primer/template dislocation was more frequent when the HIV-1 RT was used as opposed to the MoMLV enzyme. Longer
elongation times favored the formation of dislocated intermediates.
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the porous nucleocapsid structure that makes up the viral
replication complex.
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